After a brief comment on the role of top quark in models of electroweak symmetry breaking (EWSB), I shall discuss what we know about top quark interaction and how to improve that knowledge. Since bottom quark is the weak isospin partner of the top quark, its interaction with a scalar boson may also distinguish models of EWSB. We shown that Tevatron can provide useful information through the associated production of a scalar with a bottom quark pair.
Introduction
Two of the outstanding mysteries in electroweak theory are: (i) the cause of the electroweak symmetry breaking (EWSB), which gives masses to the weak gauge bosons W and Z, and (ii) the origin of avor symmetry breaking (FSB), which makes quarks and leptons have diverse masses. In the standard model (SM) of particle physics, both symmetry breaking mechanisms are accommodated by including a fundamental weak doublet of scalar (Higgs) boson. Because of the spontaneous symmetry breaking, the Higgs boson develops a vacuum expectation value (VEV) v, so that the weak gauge bosons gain their masses. Similarly, fermion gains mass via Yukawa interaction with Higgs boson. However, SM provides no explanation (i.e., no explicit dynamics) for the generation of mass.
The models of symmetry breaking beyond the SM can be characterized into two classes. One is the weakly interacting model (with elementary Higgs bosons), such as supersymmetry (SUSY) theory 1], another is the strongly interacting model (with composite Higgs bosons), such as Topcolor model 2]. In these models, top quark often plays a very special role in the EWSB and/or the FSB dynamics. For example, in the supergravity model, the electroweak symmetry is broken radiatively by corrections from top quark and top-squarks (superpartners of left-and right-handed top quark) in the self-energy of Higgs boson 3]. Because top quark is heavy ( v= p 2), the running mass of the Higgs boson eld becomes negative around TeV energy scale where the spontaneous symmetry breaking occurs. Thus, EWSB is driven by a heavy top quark. In the Topcolor-assisted Technicolor (TCATC) model 4], some unknown strong dynamics in the Techni-fermion sector induces electroweak symmetry breaking through the formation of the Techni-fermion condensation, which generates the masses of W and Z gauge bosons. What is the role of top quark? In the usual extended Technicolor (ETC) model, fermions gain mass by interacting with ETC gauge bosons and Techni-fermions. It is a ne idea to generate masses for light fermions, but in order to give a large mass to the top quark, the mass of the ETC gauge boson has to be small. Unfortunately, in that case, the model would predict a large shift ( ) in the -parameter, and is not tolerable by data. This is a well known problem in ETC models. However, in the TCATC model, top quark plays a very special role to solve this problem of FSB. How does it work? In the TCATC model, top quark (and bottom quark) experiences a new strong gauge (Topcolor) interaction so that a heavy top quark pair can condensate and give a large (almost all) mass to top quark, while the condensate contributes only a little to the breaking of the electroweak symmetry. By this, it solves the problem and generates a more \natural" ETC model to describe the fermion mass spectrum. Obviously, the above ideas for either class of models will not work if the mass of the top quark were not large enough. In conclusion, it seems to be reasonable that a heavy top quark can play an important role in the electroweak symmetry breaking and/or avor symmetry breaking dynamics.
With the discovery of the top quark by the CDF and D collaborations, it has become natural to consider its properties, such as its couplings to the other particles. By now, all the experimental data show excellent agreement with SM prediction. Does that imply new physics is not allowed and top quark interaction is determined? No, that is not the case. The present data does not exclude possible new physics. In the next section, I will discuss what data is telling us about the interaction of top quark.
Constraints From Low Energy Data
If we do not assume a SM top quark, do we know anything about the interactions of top from low energy data, such as the precision Z-pole data and bottom physics? Will there be any surprise from future collider data, such as the Fermilab upgraded Tevatron, CERN Large Hadron Collider (LHC), future Linear Collider (LC)? If yes, how to look for them? In this section, I will address the rst question, and defer the others to the next section.
We can perform the study in a model-independent way by constructing an e ective low energy theory that is consistent with the symmetry breaking pattern of the SM, i.e., the gauge symmetry SU(3) C SU (2) , where is a physical cuto scale below which the e ective Lagrangian is valid. (Here, is taken to be 4 v 3 TeV.)
Since any contributions from the right-handed charged current coupling CC R are proportional to the bottom quark's mass m b (which is much smaller than m t ), we can only obtain useful bounds for NC L , NC R and CC L from the Z-pole data at the LEP and the SLC, up to one loop level. However, CC R can be studied independently by using the CLEO measurement of the branching . It is interesting to note that CC L does not contribute to b up to this order (m 2 t ln 2 ). Given the above results we can then use the experimental values of the 's to constrain the theoretical predictions. We nd that precision data allows for all three non-standard couplings to be di erent from zero. There is a three dimensional boundary region for these 's. The only coe cient that is constrained at the 95% In conclusion, we shown that new physics possibility (e.g., with non-zero 's) is allowed by the current low energy data. Only direct measurement (not through loop e ect) on 's can conclusively test the interaction of top quark with gauge bosons. That means we have to study the direct production of the top quark at high energy colliders.
Direct Measurement of Top
While production of t t pairs provides an excellent opportunity to probe the top's QCD properties, in order to carefully measure the top's electroweak interactions it is also useful to consider single top production, in addition to studying the decay of the top quark in t t events.
Single top production at a hadron collider occurs dominantly through three sub-processes 13]. The W mode of production occurs when a quark and an anti-quark fuse into a virtual W boson, which then splits into a t and b quark. The W-gluon fusion mode occurs when a b quark fuses with a W + boson, producing a top quark. The tW ? mode occurs when a b quark radiates a W ? . The three single top production processes contain the t-b-W vertex of the SM, and thus are sensitive to the Cabibbo-Kobayashi-Maskawa (CKM) parameter V tb in the SM and to any possible modi cation of this vertex from physics beyond the SM (e.g, that generating a non-zero CC L;R ). The tW ? process is important at the LHC, but is highly suppressed at the Tevatron because of the massive W and t particles in the nal state. In Ref. 13 ], a detailed analysis was carried out for the other two production processes at the Tevatron Run II energy (a pp collider with p S = 2 TeV), up to next-toleading order (NLO) in QCD interaction. The predicted theoretical values and uncertainties of W and Wg (including single-t and single-t rates) are: W = 0:84 pb 15:5% and Wg = 2:35 pb 10:2%, for a 175 GeV top quark. The theoretical uncertainties from scale, parton distribution functions (PDF), and uncertainty in m t (assuming m t = 175 2 GeV) are found to be 5% ( 4%), 2% ( 3%), and 6% ( 3%), for W ( Wg ). Hence, the total uncertainties obtained from adding these uncertainties in quadrature, linearly, and the result from the envelope method are 8% ( 6%), 13% ( 10%), and 15:5% ( 10:2%), for W ( Wg ). To determine how well W and Wg can be measured experimentally, experimental systematic uncertainties must be included. Assuming a semi-leptonic top decay into an electron or muon, and the detection e ciencies of 9% for the W process and 33% for the W-gluon fusion process obtained from leading order (LO) studies, the projected statistical uncertainties for a 2 fb ?1 (10 fb ?1 ) of integrated luminosity are 17% ( 8%) and 5% ( 2%) for measuring W and Wg , respectively. The corresponding total uncertainties (including theoretical and statistical uncertainties) are 23% ( 17%) and 11% ( 10%). In the SM, the square-root of the single-top cross section is proportional to jV tb j. Hence, the expected uncertainty in measuring jV tb j is about 10% and 5% from the W and W-gluon fusion data, assuming jV tb j is close to 1. Furthermore, the relevant background rates (52 and 350 events, for a 2 fb ?1 of luminosity) after the kinematic cuts are about the same as the signal rates (34 W and 345 W-gluon fusion events). It should be emphasized that the use of the LO backgrounds and e ciencies is an approximation, however we expect these estimates to correspond rather well to the true NLO results.
We note that the W-gluon fusion mode, within the SM, provides a way to relies on the fact that within the SM there are no FCNC interactions, and the CKM elements V ts and V td are very small; thus the t-channel single top production involves fusion of only the b parton with a W + boson 1 . Once this partial width has been extracted from a measurement of Wg , it can be combined with a measurement of the branching ratio (BR) of t ! W + b (obtained from examining top decays within t t production) to get the top quark's full width (?(t ! X), where X is anything) via the relation ?(t ! X) = ?(t ! W + b)=BR(t ! W + b) .
As also noted in Ref. 13 ] that because of the di erent sensitivities to di erent types of new physics e ects of the two production modes, it is useful to consider the experimental data in the W -Wg plane. For example, W is sensitive to the presence of a new heavy resonance contributing through s-channel diagram, while Wg is sensitive to top quark FCNC interactions contributing through t-channel diagram. Comparison of the predictions of explicit models with the experimental point on this plane could be used to rule out or constrain these models. Furthermore, the tW ? mode of single top production is insensitive to the types of new physics mentioned above, and thus could provide a safe way to measure V tb , provided enough statistics or a carefully tuned search strategy compensates for its low cross section.
In conclusion, it is important to study single top production at the Tevatron, in both the W and W-gluon fusion modes separately, as these two modes provide complimentary information about the top quark. Single top production provides an excellent opportunity to directly measure V tb , and to search for possible signs of the new physics associated with the top quark. Besides all the potential physics discussed above, the Tevatron, as a p p collider, is unique for being able to test CP violation by measuring the production rates of single-top events. A nonvanishing asymmetry in the inclusive production rates of the single-t events and the single-t events signals CP violation 14]. Thus it can be used to constrain or detect this type of new physics.
While Tevatron can provide sensitive test to the coupling of t-b-W, it cannot say very much about the coupling of Z-t-t, which has to be studied at the LHC via the production of Zt t, or at the LC through s-channel Z-diagram contribution. It is also possible that the same dynamics that modi es the three-point vertices of top quark also modi es its four-point vertices. This was discussed in Ref. 6 ].
From Bottom To Top
As argued earlier, top quark may play a special role in the mechanism of EWSB and/or FSB. One of such ideas is that some new strong dynamics may involve a composite Higgs sector to generate the EWSB and to provide a dynamical origin for the top quark mass generation (e.g., the topcondensate/top-color models 2]). Another idea is realized in the supersymmetric theories in which the EWSB is driven radiatively by the large top quark Yukawa coupling with some fundamental Higgs bosons 1].
Since This makes it possible for the Tevatron and the LHC to test various models in which the b-quark Yukawa coupling is naturally enhanced relative to the SM prediction. Using the complete tree level results of the signal and background rates (with an estimated QCD k-factor of 2), we derive the exclusion contour for the enhancement factor (in the coupling of b b relative to that of the SM) versus the Higgs mass m at the 95% C.L., assuming a signal is not found.
We apply these results to analyze the constraints on the parameter space of both the composite models and the MSSM (in the large tan region). For the composite Higgs scenario, we rst consider the two-Higgs-doublet extension (2HDE) of top-condensate model 16] and then analyze the topcolor model, where the b quark Yukawa couplings are naturally large (about the same as the top quark Yukawa coupling, which is around 1) due to the infrared quasixed-point structure and the particular boundary conditions for (y b ; y t ) at the compositeness scale. The Tevatron Run II with a 2 fb ?1 of luminosity can exclude the entire parameter space of the simplest 2HDE of top-condensate model, if a signal is not found. For the topcolor model, the Tevatron Run II is able to detect the composite Higgs h b or A b up to 400 GeV and the LHC can extend the mass range up to 1 TeV.
To con rm the MSSM, it is necessary to detect all the predicted neutral Higgs bosons h; H; A and the charged scalars H . From LEP II, depending on the choice of the MSSM soft-breaking parameters, the current 95% C.L. bounds on the masses of the MSSM Higgs bosons are about 70 GeV for both the CP-even scalar h and the CP-odd scalar A. It can be improved at LEP II with higher luminosity and maximal energy, but the bounds on the Higgs masses will not be much larger than m Z for an arbitrary tan value. The Wh and WH associated production at the Tevatron can further improve these bounds, if a signal is not observed. At the LHC, a large portion of parameter space can be tested via pp ! t t+h(! )+X, and pp ! h(! ZZ ) + X, etc. A future high energy e + e ? collider will fully test the MSSM Higgs sector through the reactions e + e ? ! Z + h(H); A + h(H); H + H ? , etc. We concluded 15] that studying the b b channel at hadron colliders can further improve our knowledge on MSSM. The exclusion contours on the m A -tan plane of the MSSM shows that Tevatron and LHC are sensitive to a large portion of the parameter space via this mode. Therefore, it provides a complementary probe of the MSSM Higgs sector (including both the supergravity and the gauge-mediated SUSY breaking models) in comparison with that from LEP II. Thus, it is expected that experimental searches for this signature at the Tevatron and the LHC will provide interesting and important information about the mechanism of the electroweak symmetry breaking and the fermion mass generation. Fortunately, we shall have data very soon.
